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DEVELOPMENT OF A COBALT -TUNGSTEN FERROMAGNETIC, 
HIGH-TEMPERATURE, STRUCTURAL ALLOY 

by Richard L Ashbrook, Anthony C. Hoffman, 

Gary D. Sahdrock, and Robert L Dreshfield 

Lewis Research Center 
SUMMARY 

Rotors for space power generators require a compromise between high -temperature 

strength and magnetic properties. Rotors must withstand high centrifugal stresses at 

high temperature and develop high induction for small exciting fields. Alloys considered 

for rotors include maraging steels, H-ll steel, and a cobalt-base alloy, Nivco. This 

report discusses work to develop alloys with improved high -temperature strength and 

good high- temperature magnetic properties. Because cobalt has the highest Curie 

temperature of any metal and is a good base for high- temperature alloys , a NASA 

superalloy, cobalt - 25 tungsten - 1 titanium - ij zirconium - b carbon (Co - 25W - ITi - 
1 1 " * 

gZr - ~ 2 p) ? was chosen for further study. Modifications of this alloy were screened for 
maximum magnetic induction B at a maximum magnetizing force H of 100 oer- 
steds (7958 A/m) over a range of temperatures. For increasing tungsten, Curie temper- 
ature decreased for the base Co - ITi - ijZr - -xC, and B above 1000° F (538° C) 

O' Q ^ maX 

decreased. Below 1000 F (538 C), low tungsten alloys show inflections in a plot of 
B as a function of temperature due to the instability of the face -centered cubic 
(fee) phase. Stability of the fee increased with increasing tungsten and iron. A pre- 
ferred alloy, Co - TjjW - 2^Fe - ITi - T^Zr - v|C , was evaluated for magnetic and mechan- 
ical properties in cast form and for mechanical properties as sheet. After aging at 
1700° F (927° C) for 72 hours, this alloy had a coercive force of 10. 5 oersteds (835 A/m) 
at 75° F (24° C), and a B max of 11. 5 and 10. 3 kilogauss (1. 15 and 1. 03 T) at 1200° and 
1400° F (649° and 760° C), respectively. The stress- rupture life at 1200° to 1400° F 
(649° to 760° C) was greater than that of the strongest high-temperature commercially 
available magnetic -structural alloy. 



INTRODUCTION 


A feature common to many turboelectric space power conversion systems is the 
electrical generator or alternator. To reduce system weight, generator components 
must be small and capable of high-temperature operation. High generator operating 
temperatures are particularly important in space power conversion systems because 
they permit reductions in radiator size that can significantly reduce system weight 
(ref. 1). One of the most critical components of a generator (or of a motor) is the 
rotor. Choosing a rotor material requires a compromise between high-temperature 
strength and magnetic characteristics. Rotors must not only withstand high centrifugal 
stresses at high temperatures but must also develop high magnetic induction for small 
exciting field strengths. 

Materials currently under consideration for generator rotors include maraging 
steels, H-ll steel, and a cobalt-base alloy Nivco (ref. 2). All these materials can be 
forged and can also be rolled into sheet. Although forgings are usually used for gener- 
ator rotors, small rotors for space power alternators might be cast also. Advances 
in casting technology have made possible the use of cast material for applications 
previously limited to wrought products (ref. 3). 

To meet the requirements of space power systems, a program was initiated to 
develop materials with improved high- temperature strength as well as high- temperature 
magnetic properties suitable for use in generator rotors . Because cobalt has the highest 
Curie temperature of all metals and a number of cobalt -base alloys have good elevated- 
temperature strength, work was confined to cobalt-base alloys. Earlier NASA research 
(refs. 4 and 5) had resulted in a series of workable, strong, high -temperature alloys 
based on the cobalt -tungsten system. An alloy from this series, Co - 25W - ITi - 
■gZr - -|jC was chosen as a base for further study. A number of experimental alloys 
were screened for their magnetic properties over a range of temperatures in the as -cast 
condition. A preferred alloy 1 , Co - 7-|w - 2^Fe - ITi - -|zr - -^C, was evaluated more 
extensively for magnetic and mechanical properties in both the as - cast and heat-treated 
conditions . Limited mechanical property data were also obtained for the preferred alloy 
in sheet form. The properties of the preferred NASA alloy are compared with those of 
Nivco, one of the strongest commercially available magnetic alloys for high- temperature 
use. 


1 The alloy was developed at the NASA Lewis Research Center by John C. Freche, 
Richard L. Ashbrook, Gary D. Sandrock, and Robert L. Dreshfield; a patent has been 
applied for. 
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MATERIALS, APPARATUS, AND PROCEDURE 
Alloys Investigated 


Systematic alloying modifications were made to alloy Co - 25W - lTi - *|zr - -gC, 
which had been developed originally for high- temperature service in the high vacuum 
of space {ref. 4). Two alloying approaches were used. First, the tungsten content was 
progressively reduced to as low as 5 percent to raise the alloy Curie temperature. 
Second, additions of iron up to 5 percent were made to increase the stability of the fee 
matrix of the as -cast alloy. The zirconium, titanium, and carbon content were held 
constant. When these alloy modifications were made, a compromise was sought between 
high -temperature strength and high- temperature magnetic properties. The nominal 
compositions, expressed in weight percent, of the alloys investigated are as follows: 


Cobalt 

Balance 


The form and purities of the alloying elements used in preparing experimental 
alloys are given in table I. Table II presents the results of chemical analyses by an 
independent laboratory of several heats of the - 2^Fe alloy chosen for the most 
intensive study. Also shown is the supplier’s analysis of the commercial alloy that was 
used for a comparative evaluation. 

Casting Techniques 

The experimental alloys were melted in a vacuum induction furnace. A new zirconia 
crucible was used for each melt. The melting procedure was as follows: The tungsten, 
the carbon, and a portion of the cobalt were charged into the cold crucible. The vacuum 
chamber pressure was kept below 10 tor r (1. 3 N/m ) during most of the heating and 

melting cycle; however, during the early stages of melting, the chamber was backfilled 
with argon to about 40 tor r (5. 3x10 N/m ) to limit boiling and splashing. After the 
initial melting the balance of the cobalt and the iron were added, and the chamber was 
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reevacuated to a pressure generally less than 5x10 torr (6, 7x10” N/m ). A gentle 

"carbon boil" (evolution of CO) was maintained for 20 minutes by gradually increasing 

the temperature to approximately 3050° F (1677° C). Approximately 0.1 percent carbon 

was lost during the boil. After this refining period, titanium and zirconium were added 

under vacuum. The melt temperature was then adjusted to the pouring temperature of 

2900°±50° F (1593°±28° C) and the chamber was backfilled with argon to a pressure of 
3 2 

15 torr (2x10 N/m ) to prevent the possible formation of gas holes in the castings. 

For cast-to-size bars, a 1. 5-kilogram melt was poured into a zircon shell mold 
that was bedded in grog (granular fire clay) and held under vacuum at 1600° F (871° C) 
in a resistance furnace. Ten minutes after pouring, the casting was removed from the 
vacuum chamber and allowed to cool overnight before the mold material was removed. 
Rolling blanks were cast into an unheated copper mold. 


Test Specimens 


A shell mold and cast cluster of stress -rupture (tensile) bars and a magnetic test 


specimen are shown in figure 1, For a given alloy, both stress-rupture or tensile 



Figure L - Ceramic shell mold and cast cluster of test bars and magnetic 
test ring. 


0,500 




(b) Roiled 


Figure 2, - Tensile and stress -rupture specimens. {Dimen- 
sions in inches {and cm). ) 
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specimens and a toroidal magnetic specimen were cast at the same time. The cast- to - 
size test bars are illustrated in figure 2(a). They had conical shoulders with a 20° 
included angle and a gage section 0. 250 inch (0. 635 cm) in diameter and 1. 20 inch 
(3. 05 cm) long. Sheet specimens illustrated in figure 2(b) were machined from rolled 
strips, approximately 0. 060 inch (1. 53 mm) thick. The magnetic specimen illustrated 
in figure 3 was a torus with a 2- inch (5. 1-cm) outside diameter and a 0. 25-inch- 
(0.635-cm-) diameter cross section. 

Stress- rupture (fig. 2(a)) specimens of the commercial alloy were machined longi- 
tudinally from a bar heat-treated by the vendor. Magnetic specimens (fig. 3) were also 
machined from this bar. 

All cast test specimens, as well as rolled sheet, were sandblasted prior to inspec- 
tion. Cast specimens were inspected by X-ray and with fluorescent-dye penetrant prior 
to testing. 



Figure 3. - Toroidal magnetic test 
specimen. 


Rolling Procedure 

Cast slabs that were approximately 3 by 3 by ^ inch (7.6 by 7. 6 by 1.3 cm) were 
ground to a 15/32- inch (1.2-cm) thickness to eliminate surface defects before rolling. 
Rolling was done on a standard 2- high mill. Rolling blanks were heated in air to 
2000°±50° F (1093°±28° C) and were reheated to this range between rolling passes. 
Reductions of about 0. 025 inch (0.635 mm) were taken with each pass except for the 
last few passes, which were about 0.015 inch (0. 38 mm). The final thickness was about 
0.060 inch (1. 5 mm). The resulting strips (approximately 20 by 3. 1 by 0. 060 in. ; 

50. 8 cm by 7.9 cm by 1. 5 mm) were machined into tensile and stress -rupture specimens 
after heat treatment. 
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Heat Treatments 


Before it was machined into stress -rupture and tensile specimens, all sheet mate- 
rial was first annealed in argon for -g hour at 2350° F (1288° C) and air cooled. Some 
of the sheet material was subsequently aged in argon for 72 hours at 1700° F (927° C) 
and air cooled. Some of the cast stress- rupture specimens were aged for 72 hours at 
1300° F, 1500° F, or 1700° F (704° , 816° , or 927° C). The commercial alloy was 
purchased in a proprietary solution- treated and aged condition. 

Alloy Evaluation 

Magnetic measurements . - For a given power output, the size and weight of an 
alternator rotor are inversely proportional to the maximum induction of the rotor 
material. Therefore, maximum induction is an important magnetic parameter when 
materials for rotor applications are evaluated. Since the solid rotors under considera- 
tion for space power systems carry a direct-current flux, there are no losses due to 
flux reversals except at the pole faces, and the material can be operated in a mag- 
netically saturated condition. To evaluate properly a magnetic material for use as a 
rotor in a high- temperature alternator, its maximum induction should be determined 
as a function of temperature with the material subjected to a magnetizing force com- 
parable to that encountered in service. A force of 100 oersteds (7958 A/m) was used 
in this study. 

The standard method for determining induction is the ballistic galvanometer system 
(ref. 6). This method can be used to measure magnetic induction as a function of 
temperature by the heating of a sample transformer to successive temperature levels 
and obtaining point-by-point values. However, the Co - W alloys used in this study 
exhibited humps in their curves of induction against temperature, which were not 
easily detected by the isolated readings obtained by the ballistic galvanometer method. 
Therefore, it was decided to use an alternating- cur rent testing method (ref. 7) that 
gives continuous data as a function of temperature. This system also permitted 
determination of the Curie temperatures of the alloys. 

In the alternating-current testing method, the sample is energized by a sinusoidal 
alternating current. As a result, hysteresis and eddy current losses occur in the core 
material. Hysteresis losses have no measurable effect (ref. 7); however, eddy current 
losses can cause errors in the measurement of induction (ref. 7). By operating at a 
low frequency (60 Hz in this case), the error due to eddy current loss was made small 
with respect to the other errors in the system. The probable error in the magnetic 
measurements was less than 0. 3 kilogauss (0.03 T). 
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The magnetic test specimen (fig. 3) was used as the core of a two-winding trans- 
former that was built up in steps. The core was wrapped with a tape woven of fused 
silica fibers. A 250-turn primary winding was then distributed uniformly around the 
core. The wire was 20-gage- stranded- nickel- clad copper insulated with a braid of 
fused silica fibers. The primary winding was then wrapped with a double layer of 
silica tape. Then a 50-turn secondary was distributed uniformly around the core. 

The wire was 26 gage but otherwise was identical to that on the primary. 

To obtain magnetic data as a function of temperature , the sample was placed in 
a resistance-heated furnace and heated at the maximum rate of the furnace to a 
temperature of 1800° F (982° C) or to the Curie point, if lower, in approximately 
2 hours. A chromel-alumel thermocouple welded to the torus was used to sense 
temperature. Once the furnace was at temperature, the power was removed and the 
furnace was cooled at its natural rate to about 300° F (166° C) in approximately 8 hours. 
During both heating and cooling, the sample was energized with a sinusoidal current of 
60 hertz to give a constant maximum magnetizing force of 100 oersteds (7958 A/m). 

An alternating-current power amplifier with constant current output held the maximum 
magnetizing force constant throughout the run. The induced voltage from the secondary 
of the sample was amplified, then averaged to make it proportional to maximum induc- 
tion, and plotted against temperature on an X, Y- recorder. The instrument system 
used to obtain the magnetic data is shown in the block diagram of figure 4. A detailed 
description and analysis of this instrument system can be found in reference 7. 


Furnace^ 



fig y re 4. - Diagram of instrument system used to plot maximum induction of magnetic materials as function of temperature I ret 7h 


Coercive-force measurements were made at room temperature with cast toroidal 
specimens. A fluxmeter was used in accordance with ASTM A341-64 (ref. 6). 

Mechanical propert y determinations . - All tensile and stress- rupture tests for both 
the cast and rolled specimens were run in air. Table III lists the tensile test conditions. 

All tensile tests were run at a constant valve setting on hydraulic testing machines. 

A rough measure of average plastic -strain rate was determined for each specimen by 
dividing the percent elongation at fracture by the time of the test. For room -temperature 
tests, the average plastic strain rates were between 0. 2 and 0. 9 percent per minute. 
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For the high- temperature tests, the strain rates were between 1. 3 and 4. 8 percent per 
minute. 

Table IV presents the stress-rupture test conditions for both as-cast and sheet 
specimens. During stress-rupture testing, measurements of crosshead travel were 
recorded which were used to estimate minimum creep rates (table V). 

Rockwell A hardness readings were taken of cast specimens at various conditions of 
heat treatment. Table VI lists the hardness data. 

Metallography . - The micrpstructure of the alloys was examined by both light and 
electron microscopy. X-ray diffraction was used to identify constituents electrolytically 
extracted in 25 percent phosphoric acid (H^PO^) in water. Debye-Scherer patterns were 
also obtained from wires electropolished from small sheet specimens. 


RESULTS AND DISCUSSION 
Magnetic Test Results 

Magnetic properties pertinent to high-temperature generator applications of the 
Co - W alloys are presented in the following sections. 

Magnetic inductio n. - The magnetic properties of an alloy are sensitive to both 
structure and composition. The effect of tungsten content on magnetic induction of a 
cobalt-base alloy that contains ITi, -|zr, and -|c is shown in figure 5. The magnetic 
induction obtained during heating from 200° to 1800° F (93° to 982° C) is plotted in 
terms of B ma ^ for a maximum magnetizing force of 100 oersteds (7958 A/m). 
Generally, the greater the tungsten content, the lower the Curie temperature. At 
20 weight percent tungsten, the Curie temperature is approximately 1500° F (816° C), 
whereas at 5 weight percent tungsten it is above 1800° F (982° C). The latter test 
temperature was not exceeded because of electrical insulation limitations. As might 
be expected, the magnetic induction at elevated temperatures also increases as 
tungsten content decreases. For example, at 1300° F (704° C), the alloys that con- 
tained 20, 12, 10, 7.5, and 5 weight percent tungsten had a B m „„ of 3.6, 9.1, 9.6, 

max 

10.2, and 10,6 kilogauss (0.36, 0.91, 0.96, 1.02, and 1.06 T), respectively. How- 
ever, at lower temperatures the magnetization curves cross, and the alloys with 5 
and 7. 5 weight percent tungsten have lower magnetic induction at 200° F (93° C) than 
do the 10- and 12-weight percent tungsten alloys. 

We believe the drop in induction at lower temperatures and the double maxi mu ms in 
the curve of B max against temperature are related to a hexagonal close packed —face 
centered cubic transformation of the matrix. These effects are characteristic of the 
magnetization curves for unalloyed cobalt during the hexagonal close packed =face 
centered cubic transformation (ref. 8). 
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m 200 300 400 m tm ?oo m 9 oo iooo 

Temperature, °C 

Figure 5. - Effect of temperature and tungsten content Iwt. %} on magnetic induction of alloy 
Co-lTi-izr-Ic. Maximum magnetizing force, lOGoersteds US58 Aim)* Data recorded 

(luring first heating of cast specimens. 

Figure 6 shows the effect of a single and a double heating and cooling cycle on the 
magnetic induction of alloys that contain 5 to 12 weight percent tungsten. There 
appeared to be no substantial difference between induction values obtained during the 
first heating and cooling cycle except for the 5-weight percent tungsten alloy. However, 
during the second heating cycle, the difference was marked for alloys that contained up 
to 10 percent tungsten. 

The curve for the 5- weight percent tungsten alloy showed two maxi mu ms at about 
580° and 1050° F (304° and 566° C) during the first heating cycle, and the higher 
tungsten alloys showed only a single maximum* During the second cycle, the 5- and 
7. 5- weight percent tungsten alloys showed double maximums. Also, the single 
maximum of the 10-weight percent tungsten alloy became more pronounced* Although 
not shown, induction data were obtained for some of these alloys during several 
additional heating cycles, and the trends presented in figure 6 were generally magni- 
fied with increasing numbers of cycles* 

The 7, 5- weight-percent-tungsten alloy had greater high-temperature magnetic 
induction than the 10- and 12-weight-percent-tungsten alloys; yet, it had greater 
magnetic stability than the 5-weight-percent-tungsten alloy. However, a sharp drop 
in magnetic induction occurred on reheating between 600° and 1400° F (316° and 760° C)* 
Because iron stabilizes the face-center ed-cubic phase at low temperatures in unalloyed 
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cobalt {ref. 9), iron additions were made to stabilize the face-centered-cubie structure 
in the alloy matrix. The effect of these additions on the magnetic induction of a 7. 5- 
weight percent tungsten alloy are shown in figure 7. Both the 2. 5- and the 5. O-weight- 
percent-iron alloy had improved magnetic induction at low and intermediate temper- 
atures. Only a slight decrease in Curie temperature was noted as a result of adding 
5-weight percent iron. The 2. 5-weight-percent-iron alloy was selected for further 
study because it had greater magnetic induction and greater magnetic stability than 
the alloy without iron. Moreover, limited screening tests indicated that this amount of 
iron would not seriously degrade mechanical properties. As discussed in the section 
Mechanical Test Results, this alloy was aged at 1700° F (927° C) for 72 hours to im- 
prove stress -rupture properties. Figure 8 shows that the aged alloy was slightly 
less stable magnetically in cyclic heating than the as -cast material, as indicated by 
the more pronounced inflections in the magnetization curves of the aged alloy. These 
inflections suggest that a greater degree of transformation from the face-centered 
cubic to the hexagonal close-packed phase occurred in the aged alloy. Also evident 
from figure 8 is the very little difference in the level of magnetization curves obtained 
during the first and the eleventh heating cycles. 

To establish a frame of reference, the magnetic and mechanical properties of 
the Co - W alloy were compared with those of Nivco, a cobalt-base precipitation- 
hardening alloy. This alloy is one of the strongest high -temperature magnetic 
alloys commercially available (ref. 2) and has been widely considered for application to 
generator components of space power systems. 

Figure 9 shows magnetization curves for the aged and unaged 7-gW - 2gFe alloy 

as well as for the commercial magnetic alloy in a proprietary solution- treated and 

aged condition. At all temperatures, the magnetic induction of the commercial 

alloy is approximately 2 kilogauss (0. 2 T) less than that of the 7-|w - 2^Fe alloy. 

For example, at 1300° F (704° C), the magnetic induction of the 7-^W - 2^Fe alloy 

was 11 kilogauss (1. 1 T) in the heat-treated condition, while that of the commercial 

alloy was 9. 2 kilogauss (0. 92 T). The effect of prolonged exposure at an elevated 

temperature on magnetic properties was also determined. Figure 10 shows the 

effect of 1000 hours exposure at 1300° F {704° C) on the curves of B against 

max 

temperature. The maximum temperature during the heating cycle was 1300 F (704 C). 
The relative positions of the magnetization curves for the two alloys are now reversed, 
with the commercial alloy having about 1. 5 kilogauss (0. 15 T) greater induction than the 
7-gW - 2^Fe alloy over the entire range of temperatures. The rather large decrease in 
magnetic induction in the 7-^W - 2-^Fe alloy is believed to be associated with the formation 
of an additional precipitate. 

Coercive force. - To reduce hysteresis losses in the pole faces of a generator rotor 
and to allow the use of a moderate exciting field, it is important to minimize the coercive 


12 




Figure 10. - Comparison of magnetic induction of alloy Co-7~W- 
2jFe-lTi-^Zr-“C and commercial alloy after 1000 hours e£pi 
at 1300° Ft70rC), 


iosure 

Maximum magnetizing force, 100 oersteds 


<7958 Aim). 


force. A target room -temperature coercive force of less than 25 oersteds (1980 A/m) 

has been set (ref. 10) to assure that candidate rotor materials were sufficiently soft 

magnetically. For a given microstructure, a larger coercive force would be found at 

room temperature than at a higher testing temperature. In the as- cast condition, the 
1 1 

7gW - 2jjFe alloy had a coercive force of 7.3 oersteds (582 A/m) at room temperature; 
in the aged condition (1700° F or 927° C for 72 hours), it was 10. 5 oersteds (835 A/m). 
By comparison, the coercive force of the commercial alloy is 11. 46 oersteds (915 A/m) 
at room temperature (ref. 2). 


Mechanical Test Results 

The Co - 7^W - 2^Fe - ITi - -gZr - -|c alloy was selected for extensive mechanical 
property determinations. 

Tensile properties . - All tensile data are shown in table HI. The effect of test 
temperature on the tensile properties of this alloy in both the as-cast and heat-treated 
conditions is shown in figure 11 . There is no significant difference in tensile strength 
between the as -cast and heat-treated material. For comparison, the tensile properties 
of the commercial alloy are also shown (ref. 2). The tensile strength of the commercial 
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Co-7iw-2|Fe-!Ti~Zr-|c alloy 
O As -cast 



400 500 m 700 800 900 

Temperature, °C 


Figure IL - Effect of temperature on ultimate tensile strength of 
alloy Co-r|w-2|Fe-lTt-|Zr-|C and of commercial magnetic alloy. 


alloy is much greater than that of the Co - W alloy up to 1400° F (760° C). At room 
temperature and 1300° F (704° C), the ultimate tensile strength values for the com- 
mercial alloy are 165 000 and 88 000 psi (1140 and 606 MN/m\ respectively. For 
the Co - W alloy, the average values at these temperatures are 73 000 and 54 000 psi 
(505 and 373 MN/m\ respectively. However, the curves cross at 1400° F (760° C) 
and above this temperature, the Co - W alloy has the greater tensile strength. An 
increase in room -temperature tensile strength (table EH) of the Co - W alloy from the 
average value of 73 000 to 104 000 psi (505 to 717 MN/m^) after exposure for 1000 
hours at 1300° F (704° C) is evidence of aging in this alloy system. 

The percentage elongation of the Co - W alloy is plotted against test temperature 
in figure 12, The heat treatment at 1700° F (927° C) generally increased elongation 
over the as-cast values and provided the highest tensile elongations. Average elonga- 
tions ranged from 2.4 percent at room temperature to 29 percent at 1700° F (927° C) 
for the material heat treated at 1700° F (927° C). There was no substantial difference 
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O NASA C0-7iw-^Fe-lTi-izr-|c As-cast 

□ NASA C0-7lw-^Fe-lTi^Zr-ic Aged 72 hours at 1700' F (927° Ci 
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figure B. - Stress -rupture data for Co-7|w-2|Fe’lTi^Zr|c alloy and comrrterical alloy ai 1200° F 1649° Cl 
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Figure IS. - Stress-rupture data for alloy Co-7|w-2|fe-lTi-|zr-£C and commercial alloy at 1400" F (760° Cl. 
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Figure 16. - Stress -rupture data for alloy Co^7u W-2^Fa -1T1 Z r-^C sheet 
at 1300° F <704* a 


between the elongations observed for the material heat treated at 1500° F (816° C) and 
for the as-cast alloy. 

Stress -rupture and creep properties . - All stress- rupture data are summarized 
in table IV. The stress -rupture properties at 1200°, 1300°, and 1400° F (649°, 704°, 
and 760° C) of the T^W - 2^Fe alloy in the as-cast and heat-treated conditions compared 
with those of the commercial alloy are shown in figures 13 to 15. Although the effect 
of heat treatment on the tensile properties of the Co - W alloy was small, it had a pro- 
nounced effect on rupture life. An increase of about 1 to 2 orders of magnitude over as- 
cast life values was obtained at 1200° F (649° C), At 1300° and 1400° F (704° and 
760° C), where only limited as- cast data were obtained, rupture life was generally 
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greater in the heat-treated condition, although the degree of increase was not as marked 
as that at 1200° F (649° C), At all three test temperatures, the rupture lives of the 
aged Co - W alloy were an order of magnitude or more greater than those of the 
commercial alloy. Although the heat treatment at 1500° F (816° C) generally resulted 
in longer lives than that at 1700° F (927° C), the higher temperature treatment would 
be preferred because of the greater tensile ductility obtained (fig. 12). In the as-cast 
condition, the Co - W alloy showed lower stress-rupture lives than the commercial 
alloy at 1200° F (649° C). Limited data at 1300° F (704° C) showed that rupture lives 
of the two alloys were about equal. However, at 1400° F (760° C), the as-cast Co - W 
alloy had substantially greater life, which may be attributed to aging effects in these 
alloys during testing. In the Co - W alloy, aging is distinctly beneficial at the higher 
test temperatures, whereas overaging, which tends to reduce the high -temperature 
life of an alloy, may occur in the commercial alloy at these same temperatures. 

To reduce eddy current losses in certain types of alternating current motors, a 
laminated construction is used in the rotor. If the Co - W alloy were to be considered 
for this type of application as well, it would require good stress -rupture properties in 
sheet form. A limited number of 1300° F (704° C) rupture tests were made with sheet 
specimens of the Co - W alloy. The sheet was tested in the annealed (2350° F or 
1288° C) condition and after annealing and aging at 1700° F (927° C). Figure 16 
presents a comparison of the rupture properties at 1300° F (704° C) of the Co - W 
alloy sheet and the commercial magnetic alloy bar. 

Annealed specimens of the Co - W alloy machined parallel to the rolling direction 
had greater lives than those of the commercial alloy. The annealed and aged sheet, 
on the other hand, had lower rupture lives than those of the commercial alloy. As 
might be expected, specimens machined transverse to the rolling direction had con- 
side rably lower lives than those of the longitudinal specimens. 

Measurements of crosshead travel were recorded during stress-rupture testing. 
Since the origin of the creep curves was not established, only the slopes of the curves 
were significant, A comparison of minimum creep rates for the cast and aged Co - W 
alloy and the commercial alloy obtained at several test conditions is shown in table V. 

At both 1200° and 1300° F (649° and 704° C), the Co - W alloy has a minimum creep rate 
of less than one-tenth that of the commercial alloy. 

Metallography 

The microstructure of the Co - 7-^W - 2^Fe - ITi - -|zr - -^C alloy in the as-cast 
condition is shown in figure 17. A significant feature of the structure is the massive 
carbides (probably monocarbide (MC) type) at grain boundaries and in the inter dendritic 
regions. The matrix consists of face-centered cubic, /3 cobalt, some of which has 
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Figure IB, - Electron micrograph of alloy €o-7l W-glfe-UI-izr-Ic in as- 

2 2 2 2 

cast condition. X10 300 . 


apparently transformed to hexagonal- close -packed a cobalt on cooling. 

The platelets that form the Widmanstatten pattern in figure 17 (xlOGO) are believed 
to be the a phase. There is also a fine precipitate in the central portion of some grains. 
The electron micrograph (fig. 18) shows that a zone adjacent to the massive carbides is 
denuded of the fine precipitate and that the fine precipitate also forms a Widmanstatten 
pattern. The effect of aging the alloy 72 hours at temperatures of 1300°, 1500°, and 
1700° F (704°, 816°, and 927° C) is shown in figure 19. The most striking feature in 
this series of photomicrographs is the increase in the quantity of a cobalt at the higher 
aging temperature. The ot regions have changed from platelets, evident in the as- cast 
condition and after aging at 1300° F (704° C), to broad bands that resemble twins after 
aging at 1700° F (927° C). An examination of electron micrographs of the alloy after 
exposure at 1700° F (927° C) for 72 hours revealed that, in addition to the bands of 
a cobalt, a fine precipitate had formed in the matrix. Figure 20 is an electron micro- 
graph of a replica prepared from a sample aged at 1700° F (927° C) for 72 hours, and 
figure 21 is an electron micrograph of an extraction replica from the same sample. The 
latter figure clearly shows the precipitate to be platelike. No change in the carbide net- 
work due to aging could be observed with the light microscope. Figure 22 shows the 
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m Aging condition, 72 iiours at 1500° f 1816° Cl. 
Figure 19. - Continued. 
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(cl Aging condition, 12 hours at 1700° F (927° C), 
Figure 19, - Concluded. 
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figure 22. - Microstructure of alloy Co - 7 hl\l - fife - ITi -Izr - lc after aging 72 hours at 1700° f 
(927° C) and subsequent exposure for 1000 hours at 1300° F (704° C). 



v / - t C-67*2762 

Figure 23, - Electron micrograph of cast alloy Co - 7i W - 2* Fe - lTi-1 Zr - 1 C 

22 22 

aged 72 hours at 1700° F (927° Ct and exposed for 1000 hours at 1300° F 
(704° C). X10 500. 

structure of the alloy after aging for 72 hours at 1700° F (927° C) and then soaking 
for 1000 hours at 1300° F (704° C). Segregation effects are apparent in the re- 
gion near the carbide network. The morphology of the a cobalt has reverted from 
the broad bands observed after the alloy was aged at 1700° F (927 u C) to a fine 
structure similar to that observed after the 1300° F (704° C) aging treatment alone; 
however, the a phase after the subsequent exposure for 1000 hours at 1300° F (704° C) 
appears to be finer and more uniformly distributed in the matrix. Figure 23 is an 
electron micrograph of the alloy after aging and soaking. The fine precipitate observed 
after the 1700° F (927° C) aging persists, and a Widmanstatten precipitate is also present. 
The results of X-ray diffraction patterns are summarized in table VII. The patterns ob- 
tained from wires from an annealed sheet indicate the presence of titanium carbo-nitride 
(Ti(CN)), zirconium carbo-nitride (Zr(CN)), and 0 cobalt. In addition to these phases, 
the sheet sample aged at 1700° F (927° C) showed the presence of a cobalt. The resi- 
dues from as-cast material contained primarily Zr(CN), up to three resolvable Ti(CN) 
phases with slightly different lattice parameters, and possibly traces of a complex- 
carbide phase (MgC). The residue from material aged for 72 hours at 1500° F (816° C) 
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contained Ti(CN) and Zr(CN), Indications of traces of an MgC phase were also observed 
in a few patterns. Patterns of the residue extracted after the material was aged at 
1700° F (927° C) for 72 hours showed Ti(CN) and two Zr(CN) phases of slightly different 
lattice parameters as well as a trace of a phase believed to be MgC. Residues obtained 
from the sample aged first at 1700° F (927° C) for 72 hours and then soaked at 1300° F 
{704° C) for 1000 hours contained two Ti(CN) phases of slightly different lattice param- 
eters, Zr(CN), and a trace of MgC. 

An electron microprobe analysis was conducted on the as- cast alloy and on the alloy 
after it was aged for 72 hours at 1500° F (816° C). The chemistry of the matrix and the 
monocarbide particles is shown in table VIII. Cobalt concentrations in the matrix 
changed from approximately 86 percent in the as-cast condition to 93 percent after 
aging. The tungsten content was lowered from about 6^ percent to 6 percent by the aging 
treatment. Although not shown, it was further observed that the degree of tungsten 
depletion near the carbide was reduced by the 1500° F (816° C) aging treatment. 

The metallographic, microprobe, and X-ray diffraction analyses of the alloy system 
suggest the following aging reaction: 

M(CN) - Ti(CN) + Zr(CN) + (MgC) 

where M in the M(CN) = Ti, W, Co, Zr, It appears that the MC carbides are un- 
stable between 1300° and 1700° F (704° and 927° C). The limited electron probe analysis 
of these phases indicated that the M in MC may contain approximately 50 atomic per- 
cent Co and 17 atomic percent W, the balance being Ti and Zr, It is possible that these 
carbides decompose to form more stoichiometric monocarbides plus MgC while they 
liberate cobalt to the matrix. Cobalt liberated to the matrix could allow the formation 
of greater amounts of a cobalt when the alloy is cooled to room temperature. This 
structural change was reflected in the inflections (humps) in the curve ©f magnetic 
induction against temperature for the aged material. 

The improvement in stress- rupture properties observed in the heat-treated mate- 
rial is believed to be related to the disassociation of the monocarbide and the subsequent 
precipitation of fine particles in the matrix. It appears that the strengthening reactions 
are capable of continuing during use at 1300° F (704° C). 

CONCLUDING REMARKS 

The Co - W system has a combination of high- temperature magnetic and mechanical 
properties needed for generator rotors. In the temperature range from 1200° to 1400° F 
(649° to 760° C), the alloy Co - 7-|w - 2^Fe - ITi - ^Zr - -gC has stress -rupture proper- 
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ties and magnetic induction that compare well with Nivco, which is currently being con- 
sidered for space power generators and is one of the strongest high-temperature magnetic 
alloys commercially available. After an aging heat treatment of 72 hours at 1700° F 
(927° 0), the Co - W alloy has higher magnetic induction than the commercial alloy over 
the entire temperature range up to the Curie temperature. However, exposure at 1300° F 
(704° C) for 1000 hours lowered the induction of the heat-treated Co - W alloy while 
slightly increasing the induction of the commercial alloy. As a result, the commercial 
alloy had an induction of about 1. 5 kilogauss (0. 15 T) greater than that of the Co - W 
alloy in the range tested, 200° to 1300° F (93° to 704° C). The rupture strength of the 
Co - W alloy is substantially greater than that of the commercial alloy at the higher 
temperatures from 1200° to 1400° F (649° to 760° C). Although the Co - W alloy was 
developed with cast specimens, the alloy can be rolled and has demonstrated reasonably 
good properties as sheet. In the solution-treated condition, sheet specimens exhibited 
rupture lives at 1300° F (704° C) comparable to those of the commercial alloy in bar 
form. No attempt was made to optimize heat treatment for the Co - W alloy sheet. 

The data obtained in the present investigation of the Co - W alloy suggest that 
further changes in chemistry could be made to increase ductility and stability. Addi- 
tions of iron greater than 2^ percent, or possibly nickel additions , might reduce the 
instability of the face-centered cubic structure that becomes more evident after the heat 
treatment at 1700° F (927° C). Reductions in carbon content might improve the ductility 
of the cast alloy by decreasing the continuity of the inter dendritic carbide network. 

Finally, other heat treatments might be devised to improve properties further. Such 
improvement would be expected particularly for the sheet material. 

Finally, it should be noted that other work is being done to develop improved mag- 
netic materials for use in the 800° to 1600° F (427° to 871° C) range under NASA con- 
tract (NAS3-6465). Modifications in composition and heat treatment of Nivco have been 
made to improve creep resistance. Dispersion-strengthened alloys are being investiga- 
ted. Precipitation-hardening alloys with improved high- temperature creep and magnetic 
properties have been developed also. One of these alloys, (1-B-S-l), with a com- 
position of Co - 15Ni - 5Fe - 1. 3A1 - 5Ta - 0. 2Zr is expected to have use temperatures 
as high as 1382° F (750° C). The lack of published stress- rupture data for these ma- 
terials prevents detailed comparison with the Co - W alloy of this investigation. 


SUMMARY OF RESULTS 

The following results were obtained from a program to develop improved high- 
temperature, high-strength magnetic cobalt-base alloys for generator rotor applications. 
1. For the alloy base of Co - ITi - -^Zr - -|c, the Curie temperature decreased as 
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tungsten was added. The maximum induction B mGV for a maximum magnetizing force 
H max of * 00 oerstec * s (7958 A/m) at temperatures above 1000 F (537° C) also decreased. 
Below about 1000° F (537° C), low-tungsten- content alloys (5 and 7-g percent) exhibited 
inflections in the curve of maximum induction against temperature and marked decreases 
in magnetic induction. We attributed this result to the instability of the face- centered 
cubic phase. 

2. Additions of iron up to 5 percent to an alloy containing 7^ percent tungsten in- 
creased the stability of the face-centered cubic structure. 

3. The composition Co - 7-|w - 2^Fe - ITi - -gZr - -gC was chosen as a preferred 
composition that represented a compromise between magnetic and mechanical properties. 

4. The maximum induction for a maximum magnetizing force of 100 oersteds 
(7958 A/m) of this alloy aged at 1700° F (927° C) for 72 hours was approximately 2 kilo- 
gauss (0. 2 T) higher at ail temperatures than that of one of the strongest commercially 
available high- temperature magnetic alloys. However, exposure for 1000 hours at a 
possible use temperature of 1300° F (704° C) reduced the maximum induction of the 
aged preferred alloy below that of the commercial alloy when it was similarly exposed. 
After this exposure, the maximum induction (field strength of 100 Oe or 7958 A/m) of 
the aged preferred alloy was 8. 4 kilogauss (0. 84 T) and that of the commercial alloy was 
9. 6 kilogauss (0. 96 T) at 1300° F (704° C). 

5. At projected use temperatures of 1200°, 1300°, and 1400° F (649°, 704°, and 
760° C) and at a stress level of 42 500 pounds per square inch (293 MN/m 2 ), the pre- 
ferred cobalt-tungsten alloy had rupture lives up to 8000, 850, and 4 hours, respectively 
in the aged condition (1700° F or 927° C). These rupture lives compare with approxi- 
mately 1200, 50, and less than 1 hour for the commercial alloy. 

6. The preferred alloy was rollable into sheet. The stress- rupture life of annealed 
sheet of the preferred alloy was substantially reduced from that of the as-cast and aged 
material. At 1300° F (704° C) and 42 500 pounds per square inch (293 MN/m 2 ), the 
stress -rupture life of the annealed sheet was about the same as that of the commercial 
alloy bar. 

7. X-ray diffraction and microprobe analyses revealed the presence of mono- 
carbides (MC) and possibly complex carbides (MgC) in the preferred alloy. The alloy 
matrix was a solid solution cobalt that was primarily face -centered cubic. Varying 
amounts of hexagonal close- packed cobalt were present at room temperature, depending 
on the heat treatment used. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, August 3, 1967, 

129-03-01-04-22. 
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TABLE I. - FORM AND PURITY OF 


ALLOYING ELEMENTS 


Element 

Form 

Minimum purity, 3 
wt. % 

Cobalt 

Electrolytic 

99. 5 + 

Tungsten 

Powder 

99. 9 + 

Titanium 

Sponge 

99. 3 + 

Zirconium 

Sponge 

99. 9 + 

Iron 

Electrolytic 

99. 8 + 

Carbon 

Granular 

graphite 

Off* 


a As reported by suppliers. 


TABLE U. - CHEMICAL ANALYSIS OF REPRESENTATIVE HEATS OF COBALT - 7^ TUNGSTEN - 2 ^ IRON - 
1 TITANIUM - | ZIRCONIUM - ~ CARBON AND HEAT OF COMMERCIAL MAGNETIC ALLOY 


j Concentrations given as weight percentages* J 


Cobalt 

Tungsten ^ 

Iron 

1 

: Titanium 

Zirconium 

1 

Ca rbon ^ 

Nickel 

| Sulfur 

| Phosphorus 

Silicon 

Manganese 

Aluminum 





Cobalt- tungsten alloy 





Balance 

7*15 

2, 75 

0.97 

0. 55 

0, 56 



„ _ 


__ _ 

_ _ _ i 


7*11 

2,70 

. 94 

.55 

.51 

--- 


--- 

— 





7*02 

2*70 

.96 

.56 

* 53 

— 

— 

— - 

-- - 

_ _ - 



7.03 , 

2,57 

.95 

.57 

,53 

— - 

— 

— - 






7.08 

2.72 

,97 

,57 

* 49 

--- 


— 



— 


7.08 

2.74 

.93 

.55 

.46 






— 

_ - _ 


7. OS 

2,70 

.95 

. 57 

,49 , 

— 


--- 

— 

— 

--- 





Commercial alloy NXVCQ a 





Balance | 


| <0.25 

; 1.79 

0.69 

0.003 

23.8 

0*004 

0.001 

0. 18 

0*3! 

0.21 


a Heat 8030. 
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^ TABLE m. - TENSILE DATA FOE COBALT - TUNGSTEN - IRON - 1 TITANIUM - \ ZIRCONIUM - ~ CARBON ALLOY 


Condition 

Test temperature 

Yield strength, 

0. 2 percent offset 

Ultimate tensile 
strength 

Elongation 

percent 

°F 


C 

psi 

MN/m 2 

psi 

MN/m^ 

Cast-to-sifce specimens 

As “Cast 

Room temperature 

Room temperature 

62-OxlO 3 

427 

79.6xl0 S 

549 

2.3 


Room temperature 

Room temperature 

48. 2Xl0 S 

332 

64.9 

447 

1.9 


800 

427 


— 

73.1 

504 

13.5 


1000 

538 


— 

51.5 

355 

10,0 


1000 

538 


— 

55,9 

386 

16.0 


1200 

642 


— 

54,2 

| 374 

, 10.8 


1200 

649 


— 

57.5 

396 

14.6 


1250 

677 


— 

48.7 

336 

9,0 


1300 

704 


— 

57.0 

393 

23.1 


1300 

704 


— 

57,3 

395 

21. 5 


1300 

704 


— 

51.0 

352 

11.0 


1350 

732 


--- 

49,5 

341 

9.0 


1400 

760 


— 

47.3 

326 

10.8 


1400 

760 


— 

45.4 

313 

11,2 


1500 

816 


— 

41.9 

289 

10.4 


1500 

816 


— 

40.4 

279 

11.9 


1700 

927 



33.6X10 3 

232 

15* 5 





— 

31.4 

217 

15.8 





--- 

31.7 

219 

14.2 





— 

29.3 

202 

31.0 

Aged at 1300° F (704° C) 

Room temperature 

Room temperature 


... 

93. *<10 3 

644 

<1 

for 89 hr 








Aged at 1300° F (704° C) 

1200 

640 



68.2X10 3 

470 

<1 

for 72 hr 








Aged at IS 00° F {816° C) Room temperature 

Room temperature 

49. 5ixl0 S 

' 341 

62.2X10 3 

429 

1,1 

for 72 hr 

Room temperature 

Room temperature 

52,4xRr 361 

71.8 

495 

2.1 


1000 

538 


— 

66.4 

458 

8.5 


1000 

538 


— 

57.7 

398 

4.0 


1200 

649 


— 

53.3 

367 

9,0 


1200 

649 


— 

57.4 

396 

21,0 



Aged at 1500° F (816° C) 

1300 

704 


— 

51. 1X10 3 

352 

15,0 

for 72 hr 

1300 

704 



50,0 

345 

13.0 


1400 

760 


— 

46.4 

320 

14.0 


1400 

760 

— 

— 

47,1 

325 

14.0 


1500 

8X6 


— 

41.8 

288 

14.0 

Aged at 1500° F (816° C) 

1500 

818 


— 

46. QxlO 3 

317 

17,0 

for 78 hr 








Aged at 1500° F (816° C) 

1700 

927 




35.0X10 3 

241 

21.0 

for 78 hr 








Aged at 1700° F (927° C) Hoorn tempera tare 

Room temperature 

40. 8X10 3 

281 

68. 7X10 3 

474 

2.4 

for 72 hr 

Hoorn temperature 

Room temperature 

40. 4xl0 3 

279 

78.2 

539 

2*4 


800 

427 


— 

67.9 

468 

10.2 


800 

427 


— 

67.5 

465 

8.5 


1000 

538 


— 

63.7 

439 

20,5 


1000 

538 


i ___ 

59 , 3 

409 

15.8 


1200 

649 


1 

55. OXIO 3 

379 

15.7 






49.3 

340 

23.0 






51.4 

354 

10.4 






58.1 

401 

24.0 


1300 

704 




51.5X10 3 

355 

21.0 






51.7 

356 

12,5 






52.1 

359 

21*7 


1400 

760 


— 

46,0x10* 

317 

22.0 


1400 

760 


— 

42*3 

292 

16.8 


1700 

927 


— 

29*3 

202 

31.0 


1700 

927 


— 

29*5 

203 

26.4 

Aged at 1700° F (927° C) 

Room temperature 

Room temperature 



104.6X10 3 

721 

<1 

for 72 hr 








plus 








exposed at 1300° F 








(704° C) for 1000 hr 


i 






Sheet specimens 

Annealed at 2350° F 

1300 

704 




63.SX10 8 

438 

a 38.0 

(1288° C) lor 1/2 hr 

1300 

704 



64.1 

442 

b 34.0 


03 

CJI 


^Longitudinal, 

^Transverse* 



TABLE IV, - STRESS-EUPTURE DATA 
(a) Cobalt - vi tungsten - z\ iron - 1 titanium - | zirconium - | carbon alloy 


Condition 


Test 

Stress 

Life, 

temperature 

°F J °C 

psi MN/m 1 2 

hr 


tion, 

percent 


Cast-to-size specimens 
1200 649 I 35.0X10 


Aged at 1700° F (927° C) 
for 72 hr 


1200 649 


As-cast 


Aged at 1500° F (816° C) 
for 72 hr 


1300 704 


1 Broke on loading, 

^Discontinued before rupture. 


35.0X10 3 

241 

1007.9 
142.2 
267.7 
124. 7 

37. 5x10 3 

259 

151.8 



227.8 



356. 7 



238.1 

40.0X10 3 

276 

95.7 

40,0 

276 

141.2; 

42,5 

293 

55.2 

42.5 

293 

31.9 

45.0X10 3 

310 

125. 8 



3.9 



.2 

50. OxlQ 3 

345 

(a) 


37. 5xI0 c 

37.5 

42.5 
42, 5 
45,0 
45,0 

42.5x10" 

45,0 

47.5 


45. Ox 10 


°2170 

8062.4 

2207.6 

2803.7 


1300 704 42, 5xl0 3 293 


691.4 
2687. 7 
526. 7 

1281,9 

1716.5 

2411,1 


TABLE IV- - Continued. STRESS RUPTURE DATA 
(a) Continued. - Cobalt - 7^ tungsten - 2^ iron - 1 titanium - ^ zirconium - ^ carbon alloy 


Condition 


Test 

Stress 

Life, 

temperature 

psi 

MN/ra 2 

hr 

°F °C 





tion, 

percent 


Aged at 1700° F (927° C) 
for 72 hr 


Cast-to-size specimens 
I 1300 1 704 I 37. 5x10 


As -cast 


1400 700 


Aged at 1500° F (816° C) 
for 72 hr 


37. 5xl0 3 

259 

**2105 

b 3 

37.5X10 3 

259 

472.6 

8 

40-GxlO 3 

276 

2354. 3 

5 



3366.9 

6,4 



5483. 9 

4 

42- 5X10 3 

293 

255.9 

10 



415. 9 

5 



871,9 

8 



328 

5 

45.0X10 3 

310 

334.6 

9 



784. 1 

11 



289.6 

8 

35-OxlO 3 

241 

372.2 


40,0 

276 

29.2 

— 

40.0 

276 

21.0 

— 

45-OxlO 3 

310 

1,5 

— 



1,9 

— 



2.2 

— 



,2 

_ „ __ 

37.5X10 3 

259 

942.3 

5.0 



1225.9 

8 



759.8 
**559. 1 

5,0 

40-OxlO 3 

276 

291.2 

7,0 

42. 5xl0 S 

293 

71,5 

10.0 



42. 5 

13 



290.2 

6.0 



0,9 

14 


^Discontinued before rupture. 


TABLE IV, - Continued. STRESS RUPTURE DATA 


(a) Concluded. - Cobalt - 7^ tungsten - 2^ iron - 1 titanium - ^ zirconium * i carbon a Hoy 


Condition 

Test 

Stress 

Life, 

Elonga- 


temperature 

psi 

MN/m 2 

hr 

tion, 


°F 

°c 




percent 


C as Mo -size specimens 



Aged at 1700° F (927° C) 

1400 

760 

32.5X10 3 

| 224 

430. 7 

9 

for 72 hr 





311. 5 

12 






212.0 

11 




37.5X10 3 

250 

8,6 

13 






104.9 

13 






67.9 

14 






44.0 

23 




40.0X10 3 

276 

101. 1 

9 




42.5X10 3 

293 

0. 3 

14 






4.0 

16 






1, 1 

19 







4.4 

10 

Annealed, longitudinal 

1300 

704 

80. Ox 10 3 

552 

<0. 1 

34.0 




42.5X10 3 

293 

15. 3 

5.0 






97.0 

c l. 5 






119.2 







53.6 

5.0 




40, OxlG 3 

278 

258,0 

3.0 




40.0 

276 

208.3 

3.0 




37.5 

259 

217.5 

2.6+ 




37,5 

259 

344.2 

1.5 

Annealed, transverse 

1300 

704 

40.0xl0 3 

276 

21.5 

5.0 




40.0 

276 

19.4 

6.5 




37,5 

259 

435.9 

3.0 




37. 5 

259 

55, 7 

2.5 

Annealed ^ 


1300 

704 

42.5X10 3 

293 

13,9 

9.0 

and aged 




42.5 

293 

17. a 

10.5 

72 hr at 

^Longitudinal 



40.0 

276 

15,3 

6.5 

1700° F 




40.0 

276 

30.7 

7.5 

(927° C> 




37. 5 

259 

39.7 

6.5 




37.5 

259 

83. 1 

5,5 


c Broke outside gage length. 




TABLE V. - TYPICAL MINIMUM CREEP RATES OF PREFERRED 


COBALT -TUNGSTEN ALLOY AND COMMERCIAL ALLOY 


Stress 

Co -7|w - 2|Fe -1 Ti -|zr -|c 

Commercial alloy 

psi 

MN/m 2 

Minimum creep rate, (in. /in. )/hr ^ 

or (cm/cm )/hrJ 

Temperature, 1200° F (649° C) 

42. 5xl0 3 

293 

0. 00088x10 ' 3 

0. 0214X1 0~ 3 

45.0 

310 

, 0053 

.093 

45.0 

310 

.0095 

.093 

Temperature, 1300° F (704° C) 

37. 5xl 0 3 

259 

0. 017X10" 3 

0. 33X10~ 3 | 

37.5 

259 

* 067 

.33 

45. 0 

310 

.033 

1.17 


TABLE VI. - EFFECT OF AGING ON HARDNESS OF CAST 
COBALT - TUNGSTEN - 2 ~ IRON - 1 TITANIUM - 

^ ZIRCONIUM - ~ CARBON ALLOY 


Condition 

Rockwell A - hardness a 

As- 

cast 


64.3 

Aged 


Temperature 

Time, 


°F 

°c 

hr 


1300 

704 

24 

66.9 



72 

66.6 

1500 

816 

24 

65.2 



72 

66.1 

noo 

927 

24 

64.2 



72 , 

64.5 


^Average of six readings, three from each of two 
samples * 
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TABLE VH. - SUMMARY OF X-RAY DIFFRACTION FOR COBALT - 7-| TUNGSTEN - 2r; IRON - 
1 TITANIUM - | ZIRCONIUM - \ CARBON ALLOY 
(a) Extractions (castings) 


1 Condition 

Residue 



Phases 







si^e 











Zr(CN) 


Ti(CN) 


Other 





Lattice constant, 

Relative 

Lattice constant, 

Relative 

Type 

Relative 





a 0’ 

amount** 

a Q» 

amount** 


i 

amount 0 





a 10' :t0 m 


a 10' 10 m 




As cast 

Coarse 

4*58 

M 

4.34 to 4.40 

A 


— 




Fine 

4.59 

A 

4. 33 to 4.38 

A 

c m 6 c 

— 

Heat treated 








Temperature 

Time, 










hr 








°F 

°c 









1500 

016 

72 | 

Coarse 

4.59 

M 

4.29 to 4,36 

A 


__ 




Fine 

4,60 

M 

4.30 to 4.33 

A 

c M e C 

— 

1700 

927 

72 

Coarse 

4.58 to 4,83 

B . 

4. 31 to 4, 37 

A 


— 




Fine 

4, 58 to 4. 62 

R 

4.30 to 4,33 

M 

H c 

-- 

fnoo 

927 

72 1 

Coarse 

4,60 

M 

4. 30 to 4. 39 

A 


-- 

[1 300 

704 

lOOOj 

Fine 

4.59 

B 

4, 30 to 4.33 

M 

c m 6 c 

R 


(b) Bulk samples (sheet) 


Condition 


Phases 

Heat treated 




2350° F {1288° C) 1/2 hr 

d 0Co 

— 

Ti(CN), Zr(CN) 

2350° F (1288° C) 1/2 hr 
1700° F (927° C) 72 hr 

0Co 

e «Co 

Ti(CN), Zr(CN) i 


(c) Lattice parameters of 

f 

stoichiometric compounds 


Compound 

Lattice constant, 


a 0’ 

a 10' 10 m 

ZrC 

4.69 

ZrN 

4.62 

TiC 

4.315 

TIN 

4.225 


a 10~ iO m is eqa&l to 1 A* 

b A, abundant; M, moderate, B, rare, 

identification based on less than three lines. 

^Faee- centered cubic, 

e HexagonaI close-packed, 

f Ref, 14, 
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TABLE VUI. - MICROPROBE ANALYSIS OF CAST ALLOY 


COBALT - 7l TUNGSTEN - IRON - 1 TITANIUM - | ZIRCONIUM - | CARBON ALLOY 


Region 

measured 

Condition 

T 

Element 

Cobalt 

Tungsten 

Iron 

Titanium 

Zirconium 

Weight percent 

Matrix 

As*east 

86.2 

6.7 

3.9 

0. 3 

1 0.2 


Aged at 1500° F {816° C} 

92, 6 

6. 1 

3* 8 

0. 5 

0.05 j 


! for 72 hr 






Grain (or cell) 

As -cast 

25.1 

3L0 

2.5 

11.6 

8.9 

boundary 

Aged at 1500° F {816° C) 

34* 0 

30.5 

2.8 

13.2 

5.2 

carbides of | 

for 72 hr 






MC type 









Atomic percent for 

M portion of MC 


As -cast 

43. 5 

17.2 

4.6 

24. 7 

10.0 


Aged at 1500° F (816° C) 

51. 3 ; 

14.7 

4. 5 

24. 5 

5.0 


for 72 hr 
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